The construction industry is a representative industry that consumes large amounts of energy and produces substantial pollution. The operation of a building accounts for a large portion of its total CO 2 emissions. Most efforts are focused on improving the energy efficiency related to the operation of a building. The relative importance of the energy and CO 2 emissions from the construction materials increases with the increasing number of low-energy buildings. To minimize the life-cycle energy use of a building, the energy consumed from both materials in the construction phase as well as the energy consumed from the operation of the building must be reduced. In this study, an optimal design method for composite columns in high-rise buildings using a genetic algorithm is proposed to reduce cost and CO 2 emissions from the structural materials in the construction phase. The proposed optimal method minimizes the total cost, including the additional cost calculated based on CO 2 emissions from composite columns, while satisfying the structural design criteria and constructability conditions. The proposed optimal method is applied to an actual 35-story building, and the effective use of structural materials for the sustainable design of composite columns is investigated. It is shown that using more concrete than
Introduction
According to the International Energy Agency (IEA), CO 2 emissions due to the energy consumed by buildings account for approximately 24% of all CO 2 emissions [1] , and in the United States, approximately 54% of that energy consumption is directly or indirectly linked to buildings and their construction. Commercial and office buildings account for a large portion of this figure [2] . Accordingly, in the construction industry, various studies to reduce CO 2 emissions have been actively conducted since the 2000s. These studies have included the development of the Life-Cycle Assessment (LCA) model [3] , the development of environmentally friendly facilities and materials [4] [5] [6] , and green building design [7] . Most of these studies have focused on the CO 2 emissions generated during building operation because the largest amount of CO 2 is generated in the operation stage [8] .
The Intergovernmental Panel on Climate Change (IPCC) stated that CO 2 emissions should be reduced in all stages where reduction is possible, regardless of the amount of emissions [9] . Furthermore, the need to consider the embodied energy of building materials increases with the increasing number of low-energy buildings [10] [11] [12] . To enable environmentally friendly construction, buildings should be designed to reduce their CO 2 emissions from the earliest design stages. CO 2 emissions can be reduced in the early stages by using novel building materials, such as low-carbon materials, and by recycling [6, 8, [13] [14] [15] . Additionally, CO 2 emissions can be reduced by reflecting the unit CO 2 emission of each structural material in the design stage [16] [17] [18] [19] [20] .
Previous studies that considered environmental impacts in the structural design stage have typically used optimal design methods [16] [17] [18] [19] [20] . Moon [16] proposed an optimal design method for steel frame structures that minimizes the total weight of steel material to produce sustainable structural designs. However, in contrast to steel frames, the total amount of CO 2 emissions for reinforced concrete (RC) and composite structures, composed of different materials (steel and concrete), can vary depending on the ratio of each material though the total weights are same. This is because the unit price and CO 2 emissions for two structural materials are different, respectively. Thus, to reduce the CO 2 emissions of RC or composite buildings, it is necessary to establish correlations between different materials and minimize the total amount of CO 2 emissions from all materials. Yeo and Gabbai [17] suggested an optimal design method to reduce either the embodied energy or structural cost of a RC beam, and they investigated the contributions of concrete and steel reinforcements to the embodied energy and cost for a given loading condition. Yeo and Potra [18] suggested an optimal design method to reduce either the CO 2 emissions or structural cost of a RC moment frame. It was found that the optimization with respect to the CO 2 emissions resulted in an increase in the relative amount of steel within the RC members. Paya-Zaforteza et al. [19] proposed an optimal design method to reduce either the CO 2 emissions or structural cost of RC frame structures by using a simulated annealing (SA) method, and they confirmed that a more efficient structural design can be produced by using the various material strengths for both steel reinforcement and concrete. Paya et al. [20] suggested a multi-objective design methodology with the four objective functions for RC-frame structure design: structural cost, environmental impact, constructability, and overall safety.
As the building increases in height, vertical columns in a high-rise building are subjected to large axial loads because of the effect of gravity on a large number of floors. In general, the size of a column in a high-rise building tends to increase with the increasing height of the building. However, the size of a column section is generally limited by the architectural plan, which tends to maximize the working or residential space. To increase the strength of a column without increasing its cross-sectional size in a high-rise building, composite columns can be used in place of RC columns [21] . In medium-and high-rise buildings, hot-rolled or welded steel sections are combined with concretes such that the structural and economic advantages of the two materials are efficiently used for construction. Although previous research [17] [18] [19] [20] has demonstrated that the suggested optimal design methods can effectively reduce CO 2 emissions, there are limitations that should be overcome before the methods are applied to composite columns in actual buildings because most of the studies were performed with RC structures. The optimization methods for composite members are required because the mechanical mechanism and structural design criteria of composite members are different from those of RC members.
In most optimization research on the structural designs of buildings, the total cost or weight are typically minimized. However, for the sustainable design of buildings, the embodied energy or CO 2 emissions should also be considered and minimized during the structural design phase of a building [17] . According to the Kyoto Protocol, CO 2 emissions can be transformed to cost. In fact, the certified emissions reductions (CERs) that comprise the carbon credits issued by the Clean Development Mechanism (CDM) Executive Board for emission reductions can be traded in emission trade markets, such as the European Union Emissions Trading Scheme [22] . Therefore, the additional costs from CO 2 emissions must be considered when evaluating the cost of building design and producing a cost-effective building during the structural design phase. However, existing studies [16] [17] [18] [19] [20] have not considered such costs including the additional cost from CO 2 emissions.
In this study, an optimal design method for composite columns in high-rise buildings to minimize the CO 2 emissions and cost of a structural design is presented. To consider the CO 2 emissions and cost simultaneously, the total amount of CO 2 emissions is converted to cost using the concept of CERs. Then, the proposed optimization method minimizes the total cost, including the additional cost generated from CO 2 emissions, while satisfying the stress constraint and constructability constraints. The cross-sections of members are used as the design variables in the proposed optimal design method. The proposed optimal design method employs a genetic algorithm (GA) as an optimization tool and considers the unit prices and CO 2 emissions for the various strengths of concretes and steel sections. To reduce the computation time and improve the searching capability of optimal solutions, the constraint conditions on the constructability are considered as the side-constraint conditions. Thus, the candidate designs generated in the optimization process are automatically modified to satisfy the constraint conditions on the constructability. The proposed optimization method can be applied to the structural design of composite columns in a building frame structural system. In the proposed optimization method, the constraint on the lateral drift is not considered because the structural design of columns in the building frame system is determined based on the assumption that the columns support only the gravity load. And the assumption that the internal forces of column members are constant is employed to simplify the optimization process. At the final step in the proposed optimization process, the structural design check for the optimum design obtained from the simplified optimization process is performed to overcome the limit of optimization process due to the simplification. The condition on the lateral drift is checked at this final step. The optimal design method is applied to the structural design of composite columns in an actual 35-story building. The effects on the relative weight ratios of concretes and steel sections in the composite columns are investigated in terms of the environmental friendliness and economic feasibility of the structure.
Steel Reinforced Concrete (SRC) Columns in a Building Frame System
The optimization subject of this study is SRC columns, which are composed of concrete with an embedded steel section, as shown in Figure 1 , to increase the strength of the column. SRC columns are often employed as the vertical columns in the building frame system to carry axial loads. The building frame system is limited to cases in which more than 75% of the horizontal force is shared by the core shear walls [23] . All of the horizontal force is supported by the core shear walls, and the gravity load is supported by the moment frames. Because the columns support only the gravity load in the building frame system, the variation of the load applied to the column cross-section in the optimization process is the variation of the weight of the columns themselves. Because the variation is relatively minor when compared to the total gravity load supported by the columns, the load on the columns and the axial force of the members can be considered constant during the optimization process. Thus, the suggested optimization technique does not require a repetitive structural analysis, and it can be practically applicable even for high-rise buildings containing many members. Generally, for high-rise buildings, a building frame system is frequently applied as the structural system to control roof drift. Therefore, the proposed optimization technique can be applied to the design of many high-rise buildings. 
Optimization Methodology

Formulation of the Optimization Problem
The objective function of this study is to minimize the structural cost and CO 2 emissions of SRC columns. To consider the structural cost and CO 2 emissions simultaneously, CO 2 emissions are converted to cost by using the unit carbon price, and then the total cost including the additional cost
from CO 2 emissions is minimized. The structural cost and CO 2 emissions are calculated based on the cross sectional properties of each member, as shown in Equation (1) [17, 24] . The costs and CO 2 emissions generated from concrete and steel section at each member are calculated based on the volumes of concrete and steel section used at each member. The total costs and CO 2 emissions generated from concrete and steel section at the column line are the sum of costs and CO 2 emissions generated from concrete and steel section at all member. The factors influencing on the costs and CO 2 emissions generated from concrete and steel section at each member are the unit price and CO 2 emissions of structural materials, the cross-sectional areas of concrete and steel section:
where f 1 and f 2 are the structural cost and the CO 2 emissions for each column line, respectively; A and L are the cross-sectional area and length of each member, respectively; C and E are the cost and CO 2 emissions per unit volume, respectively; M is the number of members; the subscripts stl and con represent steel section and concrete, respectively; CP is the carbon unit price, which was assumed to be 13.97 USD/ton-CO 2 ; and the concrete cross-sectional area A con of the SRC column is the area obtained by subtracting the areas of the steel section and steel reinforcements from the gross area of the member. In the proposed optimization process, only the depth and width of the cross section of the member, the cross-sectional properties of the steel section, and the strengths of the concrete and steel section are allowed to vary. The costs and CO 2 emissions of steel reinforcement are excluded in the proposed optimization process. The stress condition and constructability conditions for SRC columns are employed as the constraint conditions, as shown in Equations (2)- (5):
where σ allow and σ actual are the allowable and actual stresses of each SRC column member, respectively; A g is the gross cross-sectional area for each member; S stl is the inner dimensions of the steel section; and F y is the yield strength of the steel section. The superscripts i and i + 1 represent two neighboring floors. Equation (2) represents the stress constraint, which must not exceed 1.0 [25] . Equation (2) is evaluated by using Equation (6) according to the reference [25] . The interaction of axial force and bending moments is considered:
where f a and f b are the computed axial stress and the computed bending stress, respectively; F a , F b and ' ey F are the axial stress permitted in the absence of bending moment, the bending stress permitted in the absence of axial force, and Euler stress divided by factor of safety, respectively; and C m is the coefficient applied to bending term in interaction formula.
Proposed Optimization Technique
If the optimization problem proposed in Section 3.1 is applied to a 60-story building, and the steel sections comprising the SRC column line are divided into three floor groups (as is generally performed in steel-framed structures), the number of design variable for the steel section of each column is 20. Each design variable selects one section from the available section list for a member. If the available section list has a total section number of 3584, the number of design alternatives for one column line is 20 3584 . The design alternative must satisfy the stress and constructability constraints. Furthermore, because the cross-sectional properties of steel sections are discrete, the structural optimization must be formulated using discrete design variables. Therefore, a heuristic technique that does not require a differential is appropriate when the search of such a space of solutions and characteristics of design variables are considered. In this study, the GA is employed.
GA is a heuristic technique that finds an optimal solution by using genetic operators, regardless of the possible differentials of the objective function and constraints. The excellent solution-searching capability has been applied to various engineering solutions [26] [27] [28] [29] [30] [31] [32] [33] . The population of individuals (candidate designs) evolves by genetic operators, such as crossover, mutation, and selection, so that the algorithms find an optimum solution.
The cross-sectional properties of the structural members are used as design variables. (=512 × 7) . The yield strength of the SM490 rolled and SM490 built-up is 325 MPa when the thickness of the web (t w ) and flange (t f ) are less than 40 mm; the yield strength is 295 MPa when the t w and t f are thicker than 40 mm. The yield strengths of SM490 TMCP, SM520 TMCP, and SM570 TMCP are 325, 355 and 440 MPa, respectively, regardless of thickness. The concrete covers are set to be within a range of 150-230 mm.
To evaluate the objective function, the unit cost and CO 2 emissions of the steel section and concrete must be determined. However, the CO 2 emissions per unit differ for each country, so each country's index must be used for accurate evaluation [34] . The CO 2 emissions per unit listed in Tables 1 and 2 are based on an input-output analysis from the Korea LCI Database Information Network [35, 36] . Four constraints are considered in this study. The computation time for convergence increases with an increasing number of constraints. To reduce the computation time, the constructability constraints shown in Equations (3)-(5) are considered as side constraints. In other words, because the constructability constraints can be checked using only the values of design variables, the values of design variables of each individual are checked to determine whether the constructability constraints are satisfied. If constructability constraints are not satisfied, the values of the design variables are modified to satisfy the constraints. Thus, when the gross cross-sectional area of a member and the inner size of a steel section do not satisfy Equations (3) and (4), a smaller section for the member on the upper floor is selected from the list, and the strength of the steel section is fixed. This process is repeated until the constraint is satisfied. When the strength of the steel section does not satisfy Equation (5), the material strength of the member on the upper floor is changed to that of the member on the lower floor. The procedure of the proposed optimization technique is shown in Figure 2 . At the step 1, the proposed optimization technique first assumes an initial design, and then it obtains the axial forces of the members through structural analysis. This step is followed by collecting data for the building model, listing cross sections of members, and determining the parameters for the GA (Step 2). The population consisting of individuals is then initialized by using a random generator (Step 3), and each individual is checked to determine whether it satisfies the side constraints (Step 4). The assumed cross section is then applied together with the strengths of the seven concretes to determine the minimum concrete strength that satisfies the stress constraint (Step 5). If no concrete strength is found to satisfy the stress constraint with the assumed cross section, the concrete strength with the smallest violation ratio is selected. Then, the objective function of each individual is evaluated (Step 6). Once the evaluations of the objective function and violation ratio are completed, the termination condition is checked (Step 7). Once the termination condition is satisfied, an optimum solution is acquired (Step 8) . If the termination condition is not satisfied, the individuals in the population are evolved by selection, crossover, and mutation (Step 7-1), and then the above processes (Step 4 to Step 7-1) are repeated until the termination condition is satisfied. Because the cross sections of the optimum solution differ from those of the initial design, the axial forces on the members differ from the assumed values used when the algorithm is started. For accurate evaluation, a structural analysis is performed on the optimum design to determine whether the constraints are satisfied (Step 9). If the constraints are not satisfied, the cross section and properties of the members are manually modified to satisfy the constraints.
In this study, the ratios of crossover and mutation are set to 0.6 and 0.03, respectively, reflecting the standard values suggested by De Jong [37] . The size of the population is set to 20. The GA is terminated when the generation number reaches 1,000. However, the GA can also be terminated if the best solution from each generation is repeated at least 50 times and more than 15% of the individuals in the population satisfied all of the constraints.
Application
Introduction of the Example Structure
The example structure used in this study is a residential and commercial building with 35 floors above ground and six floors underground, as shown in Figure 3 . It has a height of 119 m, width of 38.12 m, and depth of 38.93 m. As the lateral load-resisting structural system, a building frame system consisting of shear walls and a frame is employed. The wind load is calculated based on the result from a wind tunnel test, and the seismic load is calculated by AIK [23] . The example building consists of 57 column lines with 19 different types as determined by plane location and sharing load. The proposed optimal method is applied to column line C1, which is marked by the circles in Figure 3b . In the proposed optimal method, the number of groups in a column line becomes the number of design variables. By grouping column members by every two or three floors, we obtain a total of 13 design variables in this study. A cross section for each design variable can be selected from the available section list for SRC columns (Table 1) .
Results
For this example, it took 13.32 s to complete the optimization process (from Step 2 to Step 8) on Intel Core i7-2600 processor of 3.40 GHz. Table 3 summarizes the results from the proposed optimal method. The initial design in Table 3 is the structural design proposed by the structural engineering company. Compared to the initial design, the cost, additional cost from CO 2 , and total cost of the optimum design are reduced by 31.51%, 30.30% and 31.39%, respectively. The cost of steel sections comprises a substantial amount of the total cost, whereas the additional cost from CO 2 of both initial and optimum designs comprises approximately 10% of the total cost. The stress constraint ratios of the optimum design are shown in Figure 4 . The constraint ratios of the optimum design along the floor are closer to the allowable threshold of 1.0 than those of the initial design. Table 4 lists the weights of the initial and optimum designs. Compared to the initial design, the total weight of the optimum solution is reduced by 7.79%, which is a smaller reduction ratio than the cost reduction ratio (32.13%). This is because the concrete weight, which comprises a large part of the total weight, increased by 7.24%, whereas the steel section weight was reduced by 39.14%. The concrete weight increases to 78.60% of the total weight (optimum design) from 67.59% (initial design). As shown in Figure 5 , the CO 2 emission of the optimum design is reduced by 31.00% compared to that of the initial design. For SRC columns, reducing the amount of steel section while increasing the amount of concrete are found to be more effective at reducing the costs and CO 2 emissions. This is the different result when comparing with the RC results (for RC structures, the optimization with respect to the CO 2 footprint results in an increase in the relative amount of steel within the member's cross section) presented by Yeo and Gabbai [17] and Yeo and Potra [18] . It is thought that the different result is shown because the CO 2 footprint of steel section (5.15 kg-CO 2 /kg to 7.40 kg-CO 2 /kg) in this study are much larger than the CO 2 footprint of reinforcing steel bar (0.35 kg-CO 2 /kg) in Yeo and Potra [18] . floor in the initial design, whereas high-strength steels (SM 520 TMCP and SM 570 TMCP) are used up to the 8th above-ground floor in the optimal solution. F8  24  SM570 TMCP  50  SM520 TMCP  F7  24  SM570 TMCP  50  SM520 TMCP  F6  24  SM570 TMCP  50  SM520 TMCP  F5  24  SM570 TMCP  50  SM570 TMCP  F4  24  SM570 TMCP  50  SM570 TMCP  F3  24  SM570 TMCP  50  SM570 TMCP  F2  27  SM570 TMCP  50  SM570 TMCP  F1  27  SM570 TMCP  50  SM570 TMCP  B1  27  SM570 TMCP  50  SM570 TMCP  B2  27  SM570 TMCP  50  SM570 TMCP  B3  27  SM570 TMCP  50  SM570 TMCP  B4  27  SM570 TMCP  50  SM570 TMCP  B5  27  SM570 TMCP  50  SM570 TMCP  B6  27  SM570 TMCP  50  SM570 TMCP Although high-strength steel is used up to the higher floors in the initial design, as listed in Table 6 , the optimum design uses more high-strength steels (71.48%) than the initial design (69.04%). Thus, it is shown that using high-strength structural materials can reduce the cost and CO 2 emissions in this study [38] . 
Conclusions
We present an optimization technique for SRC columns in a high-rise building that simultaneously considers the structural cost and CO 2 emissions at the structural design phase, and we apply the technique to an actual 35-floor building to evaluate its effectiveness. The optimum design obtained from the proposed technique reduced the cost, CO 2 emissions, and sum of weights of steel section and concrete used by 31.51%, 30.30% and 7.79%, respectively. The weight of steel section in the optimum design was reduced by 39.14%, whereas the weight of concrete was increased by 7.23%. We confirmed that reducing the amount of steel but increasing the amount of concrete can be an effective way to reduce the structural costs and CO 2 emissions of SRC columns.
The optimum design also included an increased use of high-strength materials (concrete and steel) compared to the initial design. Thus, it is shown that the use of high-strength materials for SRC columns effectively reduces CO 2 emissions. The unit cost and CO 2 emission of high-strength materials are greater than those of general-strength materials, but lower amounts of the former materials are required because of their increased strength, which in turn reduces the overall costs and CO 2 emissions.
